In the present work, the spectral properties of gaseous ozone (O 3 ) have been investigated aiming to perform quantitative concentration imaging of ozone by using a single laser pulse at 248 nm from a KrF excimer laser. The O 3 molecule is first photodissociated by the laser pulse into two fragments, O and O 2 . Then the same laser pulse electronically excites the O 2 fragment, which is vibrationally hot, whereupon fluorescence is emitted. The fluorescence intensity is found to be proportional to the concentration of ozone. Both emission and absorption characteristics have been investigated, as well as how the laser fluence affects the fluorescence signal. Quantitative ozone imaging data have been achieved based on calibration measurements in known mixtures of O 3 . In addition, a simultaneous study of the emission intensity captured by an intensified charge-coupled device (ICCD) camera and a spectrograph has been performed. The results show that any signal contribution not stemming from ozone is negligible compared to the strong fluorescence induced by the O 2 fragment, thus proving interference-free ozone imaging. The single-shot detection limit has been estimated to $400 ppm. The authors believe that the presented technique offers a valuable tool applicable in various research fields, such as plasma sterilization, water and soil remediation, and plasma-assisted combustion.
Introduction
Most of the ozone (O 3 ) present on earth is found in the stratosphere, where it is paramount for absorption of ultraviolet (UV) radiation emitted by the sun. 1 It is formed by UV ( < 240 nm) photolysis of O 2 into oxygen atoms, which reform into O 3 by reacting with O 2 . Extensive research efforts have been carried out on ozone in the atmosphere, see Seinfeld and Pandis 1 and Kondratyev and Varotsos. 2 Besides its vital role in atmospheric chemistry, ozone is also of great importance in several technical applications, for example plasma-assisted combustion (PAC) and the food packaging industry. The main idea with PAC is to add a relatively small amount of electronic energy to a flame to gain a large effect on the combustion chemistry. Ozone is one species among others that may be added to a flame to increase the electric energy, others are, for example, free electrons and oxygen ions. [3] [4] [5] Ozone is a rather long-lived species, wherefore it is easier to inject compared to short-lived species like free electrons and radicals. Liang et al. 6 have listed some experimental studies of ozone injection in flames. These authors have also investigated how the laminar burning velocity is affected by ozone addition (2500-8000 ppm) to H 2 -CO-N 2 -air premixed flames at ambient conditions, and they found that the laminar burning velocity was enhanced both for rich and lean mixtures when ozone was injected.
Further, in sterilization processes, where the aim is to eliminate microbial contamination, non-thermal atmospheric plasmas have gained interest in the last couple of years. Microbial reactive species like O 3 and NO 2 are created in a plasma discharge 7 and detection of these species is therefore crucial in order to understand the microbial deactivation process. Laroussi et al. 8 present an overview of how different parameters in plasma-based sterilization, such as heat, reactive species, and charged particles, affect cells in microorganisms. In that work, 8 the ozone concentration in the plasma was measured using absorption spectroscopy and it was found that the ozone concentration was on the order of 2000 ppm. For more details concerning plasma sterilization the reader is referred to the references. [9] [10] [11] [12] Because of the strong oxidizing effect of ozone it may be used for remediation of contaminated substances, e.g., soil and water. Oil and fuel spill from cars and trucks is a worldwide problem that causes soils contaminated by polycyclic aromatic hydrocarbons (PAH). For in situ remediation of PAH-contaminated soil, injected ozone gas is one of the most promising techniques since it can either directly react with organic/inorganic contaminants or decompose into OH radicals, which in turn can react with unwanted species in the soil. [13] [14] [15] [16] Moreover, ozone may also be directly injected into water to ensure disinfection of for example drinking water. For more details about water remediation processes the reader is referred to the references. 17, 18 The absorption spectrum of ozone consists of three bands, the Hartley band, the Huggins band, and the Chappius band. The Hartley band peaks at roughly 260 nm, while the Huggins band is in the range of 310-360 nm at the long wavelength tail of the Hartley band. The Chappius band, on the other hand, has its maximum absorption in the visible region around 600 nm 1 . An example where the absorption features of the Hartley band is used for diagnostic purposes was presented by Ono and Oda. 19 They measured the density of ozone in a pulsed corona discharge by determining the laser absorption with a KrF excimer laser.
Laser-induced fluorescence (LIF) is a mature diagnostic technique that has been widely applied for flow visualization of liquid, gas, and plasma. It has the capability of measuring species-specific trace concentrations with high temporal and spatial resolution, and is utilized in many different research fields and applications. Two-dimensional (2D) imaging, allowing for example snapshots of flow structures in turbulent environments, can be achieved by turning the laser beam into a laser sheet, which is commonly referred to as planar laser-induced fluorescence (PLIF). Theory, concepts, and examples of applications for gas-phase diagnostics with LIF have been described in review articles by Kohse-Hö inghaus, 20 Daily, 21 and Aldén et al. 22 The ozone molecule is, however, dissociated when illuminated with laser radiation below 1180 nm, 23 preventing direct detection with LIF in the UV-Vis (Vis)/near-infrared (NIR) spectral regions. Nevertheless, it is possible to detect ozone by first photodissociating the molecule with a pump photon, creating O and O 2 , whereupon a second photon (probe) detects the O 2 photofragment using PLIF. This pump-probe technique is called photofragmentation laser induced fluorescence (PF-LIF) and has previously been applied for visualization of hydrogen peroxides in free gas flows, 24, 25 flames, 26 and combustion engines. 27 Furthermore, Pitz et al. have previously applied the measurement concept in flow-field velocimetry based on photochemical ozone production. 28 In the present work, PF-LIF imaging of ozone based on a single KrF laser pulse at 248 nm is carried out. The spectroscopic characteristics, i.e., excitation and emission spectra, are thoroughly investigated and the signal strengths for imaging and spectrally resolved measurements are compared, before quantitative 2D imaging is demonstrated and discussed.
Measurement Concept
Photofragmentation laser-induced fluorescence is a measurement concept that can be utilized for 2D visualization of species that lack bound excited electronic transitions. Ozone is such a species and PF-LIF, based on a KrF excimer laser, was therefore applied in this work. A schematic illustration of PF-LIF for O 3 detection is presented in Figure 1 . First, a pump photon is used to photodissociate the O 3 molecule into a vibrationally excited O 2 molecule and an electronically excited oxygen atom. Second, a probe photon is used to electronically excite the vibrationally excited O 2 molecule, which after relaxation either emits fluorescence or dissociates into oxygen atoms (each in the electronic ground state). Having the KrF excimer laser tuned to an absorption line of the vibrationally excited O 2 thus allows pumping and probing with the same laser pulse.
Photofragmentation of ozone in the UV leads to several different energy level distributions of the photofragments, where the main dissociation channels are O 2 (a 1 Á g Þ þ Oð 1 DÞð 4 90%Þ and O 2 ðX 3 AE À g Þ þ Oð 3 PÞ. The measurement concept presented in this work is based on LIF from the O 2 ðX 3 AE À g Þ fragment. 23 The O ( 1 D), which is the major product channel for O-atoms, is aggressive and reacts rapidly with, e.g., H 2 O or CH 4 . Such effects should be considered if multiple species are being measured simultaneously since the 248 nm pulse could alter the chemical condition on short time scales. In addition, effect on the overall chemistry might occur if lasers with high repetition rates are used. An energy level diagram of the transitions involved in the LIF process of O 2 is presented in Figure 2 . The high energy of the 248 nm pump photon creates vibrationally hot O 2 photofragments. The probe photon, whose energy matches the transitions indicated by the purple arrows in Figure 2 , excites the vibrationally hot O 2 photofragments present in the X 3 AE À g , m 00 ¼6,7 states to the B 3 AE À u , m 0 ¼ 0,2 states, corresponding to the wavelength range of 248-248.8 nm. Oxygen molecules naturally present in the ambient air are in thermal equilibrium and thus only populate the vibrational ground state and will not be excited by the probe pulse since the energy difference between the ground and the excited state is larger than the energy of a 248 nm photon. Thus, all detected O 2 fluorescence comes from O 2 photofragments stemming from photolysis of O 3 . The dominant loss mechanism in the B 3 AE À u states is predissociation as the molecules transfers to the nearby repulsive state. However, a small fraction of the excited O 2 photofragments emits fluorescence in the range of 250-450 nm, as indicated by the light blue arrows in Figure 2 .
Experimental
A schematic of the experimental setup is shown in Figure 3 . It consisted of a KrF excimer laser (LambdaPhysik, EMG-150 MSC), optical components (mirrors, lenses, and filters), an ozone generator (O3-Technology, AC-20), and two different arrangements for signal detection. The excimer laser is tunable from 247.9 nm to 248.9 nm and operated at a pulse repetition rate of 10 Hz, producing pulses of $17 ns duration and 100 mJ energy with a line width of 0.2 cm À1 (full width half maximum (FWHM)). First, the laser beam propagated through sheet-forming optics to obtain a rectangular beam profile. The sheet-forming optics consisted of two cylindrical lenses; one with focal length f ¼ 400 mm (L1), focusing in the vertical direction, and one with f ¼ 200 mm (L2), focusing in the horizontal direction. The laser beam then propagated through the measurement volume, containing an ozone gas flow, before it terminated in a beam dump. The detection systems for the O 2 fluorescence consisted of an intensified CCD camera (Princeton Instruments, PI-MAX 2) equipped with a UV-Nikkor lens (f ¼ 105 mm, f/4.5) during the 2D imaging measurements, while a 0.5 m focal length spectrograph (Princeton Instruments, Acton Series SP 2556) connected to an ICCD camera (Princeton Instruments, PI-MAX 3) was employed during the spectroscopic investigations. A liquid n-butyl acetate filter was placed in front of the camera in order to suppress scattered laser radiation while the grating of the spectrograph was positioned for analysis of emission above 260 nm. Two spherical lenses with focal lengths f ¼ 150 mm (L3) and f ¼ 200 mm (L4) were placed in front of the spectrograph in order to collect the fluorescence signal and focus it onto the entrance slit of the spectrograph.
The ozone in the measurement volume was generated by supplying oxygen through the ozone generator. The oxygen gas flow was controlled using calibrated mass flow controllers (Bronkhorst). By varying the flow of oxygen as well as the conversion efficiency of the ozone generator, it was possible to change the concentration of ozone in the measurement volume. Ozone concentrations in the range of 0.1-5% (diluted in oxygen) were used in this work. In addition, ozone was measured in a CH 4 /air/O 3 gas mixing reactor configuration. The gas mixtures were preheated in the mixing process to initiate thermal decomposition of O 3 , which thus changed the concentration of ozone. The emission signals were captured both with the imaging CCD camera and the spectrograph setup to ensure that the technique could be used for imaging of O 3 while methane is present in the gas mixture. An equivalence ratio of 0.65 was kept throughout these measurements.
Results and Discussion

Spectroscopic Investigation
A spectroscopic investigation of the O 2 fluorescence was performed by simultaneously recording excitation and emission spectra. Such spectroscopic information was achieved by scanning the excimer laser wavelength between 247.9 and 248.9 nm while flowing ozone gas in the measurement volume and detecting the emission through the spectrograph. In Figure 4a , the recorded data have been synthesized into a 2D map with excitation wavelength on the ordinate and emission wavelength on the abscissa. Figure 4b shows an excitation spectrum corresponding to a horizontal integration of the signal indicated by the dashed vertical box in Figure 4a , which is associated with the emission line (0-13). Figure 4c displays an emission spectrum corresponding to a vertical integration of the signal in the dashed horizontal box in Figure 4a , which is obtained by scanning the laser wavelength over the closely spaced absorption lines P(13) (0-6) and R(11) (2-7). The absorption lines in Figure 4b agree well with the absorption lines in the work of Andresen et al. 30 The majority of the fluorescence signal originates from the m 0 ¼ 0 m 00 ¼ 6 transition with a small contribution from the m 0 ¼ 2 m 00 ¼ 7 transition. The dispersed emission spectrum shown in Figure 4c agrees well with spectra reported by Grinstead et al., 29 showing that the detected signal indeed is fluorescence from vibrationally hot O 2 stemming from dissociation of O 3 .
The O 2 fluorescence signal intensity was investigated for different known ozone concentrations and the result is summarized in the graph shown in Figure 5 . The uncertainty in the ozone concentration is mainly due to the uncertainty in the mass flow controllers and was found to be approximately AE 2.6 % of the ozone concentration. The O 2 LIF data points follow a straight line corresponding to a linear fit fairly well (R 2 ¼ 0.9982), showing that the O 2 LIF signal is directly proportional to the ozone concentration. The error bars indicate the standard deviation associated with the fluctuations of the detected fluorescence signal. The laser fluence was 1.6 J/cm 2 during these measurements.
A power dependence of the signal was also carried out. The laser pulse intensity was varied by using an attenuator based on two rotatable mirrors with angle-dependent reflectivity. The slope of the power dependence curve (not shown) is 0.46, indicating partial saturation. The slope is, however, determined both by the photolysis of ozone and the LIF process of the hot O 2 fragments. Since the laser pulse is responsible for both photodissociation and inducing fluorescence from O 2 fragments, it is not possible to obtain unambiguous information about the saturation processes, i.e., the photolysis and/or the LIF might be partially saturated. There are several advantages of being in the saturated regime, especially if imaging is considered. For example, the photolysis yield is rather high throughout the entire PLIF image and, thus, inhomogeneities in the laser sheet as well as absorption profiles will have insignificant impact on the detected signals. In addition, maximum signal intensity is obtained under saturated conditions that could, in principle, lower the detection limit even further with higher pulse energies. The slope of the power dependence curve varies within the measurement volume due to absorption and signal trapping. This issue will be discussed in the section about quantitative 2D imaging.
Simultaneous Spectroscopic and Imaging Study
In this study, the O 2 fluorescence generated in a flow containing CH 4 /air/O 3 was simultaneously captured with the ICCD camera and the spectrograph. The study was carried out in order to investigate how an environment containing other species than ozone and O 2 would affect quantification. For the spectrograph measurements, the emission intensity originating from a single O 2 absorption line (R(15), at 248.34 nm) was integrated, whereas for the camera measurements all emission above 249 nm (transmission edge of the filter in front of the camera) was included. Due to wavelength instability of the excimer laser, the laser was only scanned over the R (15) line. In the spectrograph study, the peak corresponding to the emission between 337.1 and 339.7 nm (m 00 ¼14) was integrated while all emission lines were captured with the ICCD camera. The results are presented in Figure 6 , where Figure 6a shows a 2D representation of the emission spectrum while scanning the laser across the R(15) line. Each row represents a scanning step and each scanning step is a vertical integration over the signal in the raw data image. Figure 6b displays the intensity variation of the O 2 emission along the m 00 ¼14 emission line during the scan, indicated in the red dashed box in Figure 6a . There is a slight asymmetry in the curve shown in Figure 6b , which is due to an overlapping transition from the P(7) absorption line at 248.37 nm. Figure 6c shows the O 2 emission spectrum of the R(15) line, indicated by the horizontal white dashed line. Here, the m 00 ¼14 line is indicated as the filled red peak. Despite the fact that the measurement volume does not only contain O 3 but also various species created from the CH 4 /air/O 3 flow, such as OH and CH 2 O, the emission spectrum shown in Figure 6c agrees rather well with the emission spectrum presented in Figure 4c . The influence from the species in the measurement volume will be discussed below. In Figure 7 the temperature of the reactor has been increased which causes more ozone to thermally decompose, resulting in decreasing signal strength.
Here, the open circles designate the spectrograph data, while the crosses correspond to the imaging data collected with the ICCD camera. The spectrograph and imaging data were recorded simultaneously. There is a good agreement between the crosses and circles, which indicates that all captured emission by the camera is originating from O 2 . The gas flow contains CH 4 and subsequent chemical reactions create various hydrogen compounds, which has been described in detail by Weng et al. 31 Despite this variety of species in the measurement volume, their potential emission contribution on the ICCD camera is insignificant compared to the O 2 signal stemming from ozone. Accurate ozone concentration may thus be extracted using a camera only.
Quantitative Two-Dimensional Measurements
Quantitative 2D imaging of ozone was demonstrated in a turbulent ozone flow containing $3% ozone using a laser fluence of 1.1 J/cm 2 . A typical single-shot image is presented in Figure 8 . The image has been calibrated using known mixtures of O 3 as presented in Figure 5 and the imaging data have been corrected for differences in laser fluence by using an average power dependence value. In addition, the evaluated ozone concentration is calibrated so that each pixel has a specific calibration factor. Assuming that the laser beam profile in the single-shot case is similar to the calibration case, then this correction compensates for any inhomogeneities in the laser beam profile. A 15% shot-toshot fluctuation in laser fluence (rms) was determined by monitoring the pulse energy of the excimer laser. These fluctuations cause a 3% uncertainty in the evaluated ozone concentration. Further, due to different flow volumes for the turbulent and the homogeneous calibration case, the effect of trapping of the LIF signal will vary, which will increase the uncertainty. The spatial resolution is limited by the thickness of the laser sheet, which is roughly 600 lm, and the imaging optics, 0.02 mm/pixel in both the horizontal and vertical direction, giving a resolution of 0.02 Â 0.02 Â 0.6 mm 3 for the 2D measurements. The detection limit has been estimated to $400 ppm for single-shot measurements. The LIF process is rather saturated and increasing the pulse energy will therefore not affect the detection limit significantly. The sensitivity may be improved further if a camera with higher quantum efficiency as well as a lens with lower f-number is used in front of the camera.
The excitation scheme of this measurement approach involves two steps where collisional quenching could be a potential loss factor after photodissociation of ozone as well as after electronic excitation of O 2 . Detailed studies of vibrational energy transfer rates in O 2 , carried out by Ahn, 32 show that such processes occur at a much longer timescale than the pulse duration of the excimer laser ($17 ns). However, collisionally induced vibrational energy transfer dynamics could be problematic at higher pressures where the collisional frequency increases. In principle, this could be circumvented by using ultra-short pulse durations in the picosecond regime. Further, the dominating loss factor for electronically excited O 2 is predissociation, which has a rate of less than 100 ps. 33 Hence, the effect of collisional quenching on vibrationally excited O 2 molecules in m 00 ¼6 and electronically excited O 2 (in the B 3 AE À u state) is insignificant.
Potential Applications
The authors believe that this measurement technique has most potential in environments where the O 3 concentration is in the order of 500 ppm or higher. Examples of such environments may be sterilization of food packages, where either O 3 acts as sterilization agent or is an undesired byproduct in e-beam treatment, remediation of water and soil, and plasma-assisted combustion.
High temperature and non-equilibrium environments may, however, contain unwanted interfering species that also may be excited by the 248 nm laser pulse. Except for excitation of the vibrationally hot O 2 fragments, the scanning range of the KrF excimer laser does also cover OH A-X (0,3), 34 NO A-X (0,2), 35 H 2 O (two-photon), 25 and naturally present vibrationally hot O 2 absorption lines. The emission from two-photon excitation of H 2 O is in the range of 400-500 nm, 25 wherefore any potential signal contribution from H 2 O may be suppressed by using a shortpass filter. OH excitation in the scanning range of the excimer laser as well as the subsequent fluorescence lines can be seen in Andresen et al. 30 Selecting an excitation wavelength for O 2 that does not overlap with an OH absorption line will suppress any potential undesired interfering signal contribution from OH. In addition, a band pass filter in front of the detection system aiming to suppress the OH emission could be used to suppress any undesired signal contribution even further. Moreover, NO excitation via the A-X (0,2) transition has a band head at approximately 247.95 nm, 35 wherefore tuning the excimer laser to a longer wavelength will suppress any potential interfering signal from NO. To distinguish between naturally present vibrationally hot O 2 and the created vibrationally hot O 2 photofragments a measurement concept based on PF-LIF and structured illumination may be used. 36 This is a pump-probe concept where the photolysis and the probe pulse are assigned two different laser wavelengths. Moreover, the photolysis laser beam is periodically spatially modulated, resulting in a modulated fluorescence signal from which the O 2 fragment LIF signal can be distinguished with a properly selected time delay between the pulses. In addition, initial studies of ozone, using the presented measurement concept, in a gliding arc discharge have shown that the lifetime of the vibrationally hot O 2 is much shorter than the lifetime of ozone in the gliding arc discharge. Thus, it may be possible to distinguish between the naturally present vibrationally hot O 2 and the created O 2 photofragments by utilizing the difference in lifetime of the detected laser-induced signals. By carefully considering all potential interfering species present in the measurement volume and selecting both excitation wavelength and filter in front of the detection system, quantitative O 3 imaging may be achieved in different kinds of chemical environments.
Conclusion
Quantitative imaging of ozone based on PF-LIF using a KrF excimer laser at 248 nm has been presented in this paper. In this concept, the O 3 molecule is first dissociated into O 2 and O photofragments by the 248 nm laser pulse, whereupon the same laser pulse excites the vibrationally hot O 2 photofragment that emits fluorescence upon de-excitation. The 2D measurements were demonstrated in a turbulent flow of ozone gas surrounded by ambient air. The quantification was carried out through calibration measurements of the O 2 fluorescence signal in known mixtures of ozone. The features of the detected fluorescence signal stemming from vibrationally hot O 2 were characterized in terms of both emission and absorption and any possible interference from OH, NO, and H 2 O can be taken care of by considering proper wavelength selection for both excitation and detection of emission. Additional simultaneous measurements using an ICCD camera and a spectrograph were carried out to investigate if other species would influence the O 2 emission intensity. It was found that the emission contribution from a flow of CH 4 /air/O 3 was negligible compared to the strong O 2 LIF signal, thus proving the capacity of quantitative ozone imaging using an ICCD camera. The authors believe that the technique has its strongest merits in environments where the ozone concentration is 500 ppm or higher, for example in plasma-assisted combustion studies and sterilization of food packages.
